Giraffes have remarkably long and slender limb bones, but it is unknown how they grow with regard to body mass, sex and neck length. In this study we measured the length, medio-lateral diameter (ML), cranio-caudal diameter (CC) and circumference of the humerus, radius, metacarpus, femur, tibia and metatarsus in 10 fetuses, 21 females and 23 males of known body masses. Allometric exponents were determined and compared. We found the average bone length increased from 340±50mm at birth to 700±120mm at maturity, while average diameters increased from 30±3mm to 70±11mm. Fetal bones increased with positive allometry in length (relative to body mass) and in diameter (relative to body mass and length). In postnatal giraffes bone lengths and diameters increased iso-or negatively allometric relative to increases in body mass, except for the humerus CC diameter which increased with positive allometry. Humerus circumference also increased with positive allometry, that of the radius and tibia isometrically and the femur and metapodials with negative allometry.
Introduction
The scaling of long bones is not fully understood. As animals become bigger, more robust bones are expected in order to keep bone strains along the bone diaphyses similar (Galilei, 1914) . McMahon (1973 McMahon ( , 1975 postulated that bones increased in size in a way not to retain similar bone strain levels across body masses but rather to prevent buckling, which became known as the elastic similarity model. If this model is correct, then bone length (L) should be proportional to (∝) . McMahon confirmed his idea by measuring the long bone diameter and length of 72 species of artiodactyls, including giraffes. However, when Alexander et al. (1979) retested the elastic similarity model on a broader range of species (not including giraffes) they found, perplexingly, that bones tend to scale closer to isometry (or geometric similarity) across taxa, and that elastic similarity applied mainly to bovids. So far, no single model has emerged that adequately describes regular distortions in bone shape across different adult body sizes (Biewener, 1983; Economos, 1983; Selker and Carter, 1989; Currey, 2002; Kokshenev, 2003; Garcia and da Silva, 2006) .
Most of the research into limb bone allometry has been on interspecific samples, with few devoted to ontogenetic scaling. As the relationship between interspecific and ontogenetic bone allometry has not been elucidated yet, it is also uncommon to apply interspecific models, such as elastic similarity, to ontogenetic data (e.g. Miller et al., 2008) . Accordingly, limb bone ontogenies have usually only been interpreted in terms of deviations from geometric similarity. A further limitation regarding studies on limb bone ontogeny is that smaller mammals are very much overrepresented, with artiodactyls and other large animals receiving little attention.
Initially it seemed, save for a few exceptions, that increasingly gracile bones throughout growth was the prevailing pattern in mammals (Carrier, 1983; Heinrich et al., 1999; Lammers and German, 2002; Main and Biewener, 2004; Miller et al., 2008) .
However, when Kilbourne and Makovicky (2012) investigated a larger sample base including larger animals, they showed that increasingly gracile bones were a feature of Van Sittert Page 4 of 43 animals below 20kg adult body mass, while increasingly robust bones were mainly confined to the artiodactyla. Interestingly the okapi (Okapia johnstoni), the only giraffid to be included in their study sample, was an exception as its bones became increasingly gracile throughout ontogeny.
Giraffes (Giraffa camelopardalis) are the tallest extant animals. Tallness has been accomplished through the evolution of a compact thorax and elongated neck and legs.
We have previously described the ontogenetic allometry of the vertebral column (van Sittert et al., 2010) and found, briefly, that neck elongation occurs at the fastest relative rate after birth, that the C2-C7 vertebrae elongate at equal rates and that neck elongation is accompanied by enlargement of the spines of the thoracic vertebrae to provide attachment of the nuchal ligament. We have also reported on how limb bones develop strength to support the large body mass. The density of giraffe limb bones is approximately 50% more than it is in other bones, their limb bones are straighter than in other artiodactyls, the wall thickness is significantly thicker than in equivalent mass artiodactyls and the metapodials have a unique columned structure (Biewener, 1983; van Schalkwyk et al., 2004) . The ontogeny of giraffe limb bones is however still unknown.
Giraffe limb bones are of particular interest as they are exceptionally gracile and do not seem to conform to mammalian scaling patterns. In 1917 D'Arcy Thompson pointed out that giraffe metatarsals are relatively and absolutely longer than they are in the far less heavy ox, confounding the general observation that heavier animals have relatively stockier and shorter limbs in order to support body mass. Similarly,
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McMahon (1975) also found it difficult to reconcile giraffe distal limb bones with his elastic similarity model. We report here the results of an ontogenetic study of the appendicular skeleton of giraffes ranging in body mass from a fetus weighing 18kg to a mature (>1400 kg) animal. We related giraffe ontogeny to known ontogenetic trends in other species (Kilbourne and Makovicky, 2012) , as well as to known growth data on its long neck (van Sittert et al., 2010) , in order to test if increasingly robust bones during ontogeny will also apply to large animals with an extreme shape. As with other ontogenetic allometric studies we evaluated limb bone growth in terms of deviations from geometric similarity. In addition, we also compared giraffe scaling patterns to the theory of elastic similarity to see if protection against buckling may have an influence in the ontogeny of long slender limbs.
As giraffe tallness is brought about by elongation of neck and limbs, we expected similar scaling patterns with regard to length in both these body regions. Therefore, we anticipated that giraffe leg elongation exponents will be higher postnatally than in the fetus and that there will be a lack of sexual dimorphism in lengthening, as sexual selection did not seem to play a major role in the evolution of tallness in this animal (Mitchell et al., 2009; van Sittert et al., 2010) . Because of the relative slenderness and length of the giraffe limb bones (and similar to the okapi data presented by Kilbourne and Makovicky, 2012), we expected limb bones to become increasingly gracile throughout ontogeny. This would also mean non-compliance with the principle of elastic similarity, especially in the distal bones. In addition we hypothesized that the greatest bone lengthening rates would occur in the metapodial bones given the great Van Sittert Page 6 of 43 interspecific variation in this region (Thompson, 1917; McMahon, 1975; Miller et al., 2008 ).
Materials and methods

Sampling
A cross-sectional sample of giraffe specimens was obtained from animals culled as part of the routine management of a conservancy in south eastern Zimbabwe (21°42' S, 
Body mass
The body mass for each animal was determined by piecemeal weighing using a Salter suspended spring balance with a capacity of 200kg. The whole carcass, including gastrointestinal and reproductive contents, was measured in this way. Following HallMartin (1975) , 4% was added to measured body mass as a reasonable approximation for the mass lost by evaporation, blood loss, and the loss of small pieces of tissue during the slaughtering process. The body masses of fetuses were, however, measured in toto and no corrections were made to their measured body masses.
Bone preparation
Foreleg bones prepared for study were the humerus, radius, fused metacarpal bones 3 and 4 (= metacarpus), femur, tibia, and fused metatarsal bones 3 and 4 (= metatarsus).
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After the carcasses were weighed, the muscles and ligaments were removed by dissection and boiling in mature giraffes. In the case of fetuses or immature animals the bones were not boiled but only dissected so as to avoid dislodgement of the epiphyses.
Bone measurements
On each bone, length was measured in a straight line parallel to the long axis of the bone between the borders of the most proximal to most caudal part, which included processes, tubercles, condyles or heads of bones. The radial and tibial lengths did not include the ulna or fibula. Cranio-caudal and medio-lateral diameter as well as circumference were measured at the bone midshaft, perpendicular to the long axis of the bone. In addition, after sectioning bones at their midshaft, cross sectional cortical thicknesses were also measured using a vernier caliper at cranial, caudal, lateral and medial positions (Figure 1 ). The radial and tibial diameters and circumferences included the ulna and fibula respectively due to the very intimate association of these bones with each other in the giraffe. For the metapodial bones, the cranio-caudal diameter included the caudal "pillars" as described by van Schalkwyk et al. (2004) . The cross sectional area (CSA) of each bone at midshaft was estimated by assuming its shape approximates an ellipse and using the following formula for the area of an ellipse: area = π * r1 * r2, where r1 and r2 constitute the cranio-caudal and mediolateral radii. 
Scaling model
Growth data were plotted on bivariate charts. One of the methods available to assess growth patterns is the study of relative bone growth, or allometry. We found the allometric equation the most convenient and easily manageable method to describe growth (y = mx b , where y is the variable described, m the allometric constant and b relative growth rate, referred to as the allometric exponent or slope; Huxley, 1932) .
When the allometric equation is log transformed it forms a linear relationship between y and x: ln(y) = ln (m) + b*ln(x), which were used to estimate m and b using standardized major axis (model II) regression . Two hypotheses were tested regarding the allometric exponent: firstly whether or not two data groups have the same exponent (e.g. fetal vs. postnatal exponents), and secondly if an exponent equaled a specific value (e.g. isometry = 1). Table 1 shows the values for exponents complying with geometric or elastic similarity, as well as for increasingly gracile or robust bones.
Statistics
Allometric analysis were performed according to the recommendations of Warton et al (2006) using the SMATR executable software program Wherever a group of two or more slopes were simultaneously considered to be significantly different from a hypothesized value, the significance level for each test in the group was adjusted according to the sequential Bonferroni method (Rice, 1989) . In this way the group-wise significance level (α) was kept at 0.05. The number of tests (k) in each group was determined by the hypothesis to be tested. For example: 'giraffe long bones grow in length to body mass according to geometric similarity postnatally'
will have 6 bone's exponents to test simultaneously, and each sequential test (i) will have to be p i ≤ α/(1+k-i), in order to be considered significantly different from geometric similarity.
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Results
Sample description
Body masses of the animals in the study (n=47) ranged from 18 kg to 1409 kg in males and from 21 kg to 1028 kg in females. Fetal (n=10) weights ranged from 18 kg to 77 kg (a full term fetus is estimated at ca. 100kg (Skinner and Hall-Martin, 1975) . The body mass of postnatal animals ranged from 147 kg to 1028 kg in females (n= 20) and from 184 kg to 1409 kg in males (n= 17).The size range within this study thus differed by a factor of 4 from youngest to oldest fetus, 78 from fetus to adult and by a factor of 14 from neonate to adult. Although the total number of animals sampled was 47, all dimensions could not be measured in each case, and the number of animals sampled for each dimension is shown in the tables or figures where relevant. As the postnatal dataset was much larger than the fetal dataset it had more power for detecting significant differences between allometric exponents. Therefore, fetal data were not analyzed to the extent of postnatal data.
Sexual dimorphism
We could not detect significant sexual dimorphism for any of the growth patterns of limb bone dimensions studied (p (H0:male exponent = female exponent) ≥ 0.05 for all bone dimension vs. body mass slopes as well as for all bone cross sectional dimension vs.
bone length slopes). Data from both genders were therefore pooled.
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Growth patterns
Growth in length with regard to body mass
The exponents, correlation coefficients and significance values for bone lengthening in fetuses and postnatal giraffes are summarized in Table 2 Table 3 shows the absolute lengths and proportions of the bones in fetal (50kg) and postnatal giraffes (100 to 1300 kg). The sum of the lengths of the front limb bones was longer than the total length of the hind limb bones throughout ontogeny (from about 19 mm longer in a neonate to about 160 mm longer in an adult 1300 kg giraffe). The humerus and femur were always the shortest of the bones: In the front limb the proportional contribution of the humerus to the total was relatively constant at 25.7±0.5%, while the femur's decreased from 30.2% to 28.2% of the hind limb. The
Van Sittert Page 16 of 43 proportion of total length formed by the radius and tibia increased from 34.7% and 31.5% to 38.7% and 33.8% of limb length respectively. Conversely, the proportion of leg length contributed by the metacarpus decreased from 39.4% to ca. 35.5%, while that of the metatarsus remained ca. 38%. In the forelimb the radius started shorter and ended longer than the metacarpus, overtaking the metacarpus in the first year of life while in the hind limb the tibia was always shorter than the metatarsus (a oneyear-old giraffe weighs between 260 and 300 kg; G Mitchell, unpublished data). As final metapodial lengths are similar the final difference of 160 mm between fore-and hind limb total bone length is almost completely a consequence of the difference in lengths of the tibia and radius (159 mm).
Cross sectional properties
Increase in diameter and circumference with body mass as the covariate Table 4 , Table 5 and Figure 3 summarizes changes in diameter as body mass increases.
A one way ANOVA was conducted to test for differences in the mean diameter vs. The 95% confidence intervals for mean fetal diameters were higher than both isometry (viz., 0.33) and elastic similarity (viz., 0.38), whereas the confidence intervals for mean postnatal growth were not different from isometry. The same general pattern was seen when individual bone diameters were evaluated.
The growth rate of fetal diameters with regard to body mass was not different to elastic similarity and thus greater than geometric similarity. In certain cases however (femur and tibia CC and ML), the exponents were not significantly different from either geometric or elastic similarity due to wide confidence intervals.
In postnatal animals the humerus CC (0.42, positive allometry) and metacarpus CC (0.29, negative allometry) exponents were different from isometry (p (H0:b=0.333) = 0.002 and 0.006 respectively). The humerus CC was the only exponent similar to elastic similarity (p (H0:b=0.375) = 0.06). None of the ML slopes were different from isometry.
However it is important to consider that, apart from the femur ML (p (H0:b=0.375) < 0.001), none of the ML slopes were different from elastic similarity either. This indicates that confidence intervals for ML exponents are too wide to detect significant differences In the postnatal forelimb absolute circumference decreased from proximal to distal bones. The circumference of the humerus increased more (2.7-fold) than that of the radius (2.4-fold) or metacarpus (2.2-fold) from birth to adult. In the hind limb the increase in tibial circumference was the greatest. As would be expected from the circumferential growth exponents, hind limb bone thicknesses stayed fairly constant relative to each other: the diameters increased from 2.1 (femur) to 2.2-fold (tibia and metatarsus) from neonate to adult.
Increase in diameters and circumference with bone length as covariate
A one way ANOVA was conducted to test for differences in the mean fetal and postnatal diameter vs bone length slopes. We found a significant difference (F (3, 20) = 4.09, p = 0.02) amongst fetal CC (1.29±0.14), ML (1.27 ± 0.11), postnatal CC (1.05 ±0.21) and ML (1.13 ± 0.08) slopes . Nevertheless, post hoc t-tests using the sequencial In summary, fetal diameter and circumference vs. bone length slopes could not be shown to be significantly higher than postnatal slopes. Post-natal humeral and femoral diameters and circumferences increased relatively faster than length. Cranio-caudal diameters increased relatively slower than that of medio-lateral diameters in the bones below the humerus, to the extent that the distal front leg bones become relatively more slender in the cranio-caudal plane as the animal matures.
Comparing the bone length : circumference ratio gives a measure of how robust bones are. The mean ratio (from neonate to adult) for the humerus is 2.3 which is more robust than that of the femur (ratio = 2.8, t-test, p<0.001). This could indicate that the humerus carries more weight than the femur. The opposite is true for the radius and Van Sittert Page 26 of 43 tibia -the radius's mean ratio was 3.7, significantly less robust (p<0.001) than the mean tibia ratio (3.1). This shows that the tibia is probably exposed to higher stresses and strains than the radius especially in the CC direction. The mean metatarsal ratio (4.0) is slightly albeit significantly greater than the metacarpal ratio (3.9, p=0.017).
These ratios also illustrate that the metapodials are far more gracile than other limb bones.
Changes in cross sectional area (CSA) with body mass and bone length as covariates
Relative to increases in body mass the mean fetal (0.91 ± 0.03) and postnatal (0.66 ± 0.07) exponents were significantly different (p<0.01).
In postnatal animals none of the CSA vs body mass slopes were significantly different from isometry (p ≥ 0.018, using sequential bonferonni technique respectively, sequential bonferonni technique). The radius CSA slope has a much higher probability (p = 0.81) of being similar to isometry however, and its nonsignificant difference to the elastic similarity exponent was probably brought about by loss of power by the Bonferroni technique (Fig 5A and B) . The mean fetal CSA vs. bone length slope was significantly higher (mean = 2.52±0.22, isometry = 2.00) from the postnatal mean (2.17 ±0.28; p<0.05). During postnatal growth only the humerus and femur could be shown to have a CSA growth pattern that was significantly and positively allometric relative to increases in length (p ≤ 0.004; Fig 5C and 5D) . D) . When compared to body mass, none of the exponents could be shown different from isometry, despite some (humerus and radius) also being equal to elastic similarity. When compared to bone length, however, both the humerus and femur increase with positive allometry. The allometric exponent and its classification are indicated next to each curve.
Discussion
Pre-and postnatal growth differences
This study has illustrated that, as expected, there are significant differences between pre-and postnatal limb bone development in giraffes. Although the fetal skeleton is shaped through epigenetic as well as genetic factors (Carter et al., 1996) , it nevertheless does not have to support weight. The postnatal skeleton on the other hand has to adapt to stresses and strains imposed by an increasing body mass and movement, and shapes itself to incorporate the necessary safety factors against failure.
The transition from a life in utero to that outside of it will therefore only be successful if certain 'day one' skeletal competencies have been established before birth. It follows that these competencies are almost wholly genetically dependent. We have demonstrated that in the prenatal skeleton, where the effects of gravity are countered by the buoyancy inside the uterus, growth proceeds in length and width positively allometric with regard to body mass. Postnatally however, this positive allometric trend is either not possible (because of biomechanical constraints) or necessary for survival.
Sexual dimorphism
We did not expect to find sexual dimorphism between equivalent body mass giraffes, and we did not find any. Our expectation was based on the lack of dimorphism in giraffe neck length and cervical vertebrae growth patterns (Mitchell et al., 2009 (Mitchell et al., , 2013  Van Sittert Page 30 of 43 van Sittert et al., 2010) . The results we report here further confirm that sexual selection has not played a major (if any) role in the evolution of tallness in giraffes.
Length vs. body mass
Length growth relative to body mass does not give an indication of the slenderness of the bone, but does highlight whether the limb bones lengthen faster than body size or not. Although limb bones lengthened with positive allometry in utero, we did not foresee that none of the giraffe limb bones would grow with positive allometry after birth, given the remarkable length of the legs. In fact, giraffes do not seem to have uniquely high postnatal limb lengthening exponents at all (Fig 6A) . However, this finding remains preliminary until more studies describing limb lengthening with regard to body mass are published, especially in artiodactyls. Fig. 6 (A) Length vs. Body mass ontogenetic exponents of previously described species. Note that giraffe exponents are within the range of previously described exponents, except in the femur and tibia where it is, surprisingly slightly lower than previously described exponents. (B) Diameter versus body mass exponents of previously described species. Because two giraffe diameters were taken in this study, the circumference exponent was chosen to represent average diameter growth. Giraffes do seem to have higher metapodial exponents, but note that there are no artiodactyls in the metapodial samples. Furthermore, data on artiodactyls comparable to this study are still very scant, and conclusion should be drawn with caution. Data from Carrier (1983); Heinrich et al. (1999); Liu et al. (1999) ; Lammers and German (2002); Miller et al. (2008); and Young et al. (2010) . The giraffe exponents (this study) are connected with a line for emphasis.
The postnatal negatively allometric/isometric lengthening of limb bones contrasts with the positively allometric lengthening of the C2-C7 cervical vertebrae (mean cervical scaling exponent = 0.41±0.01), and is also less than the more isometric T2-T14 and L1
to L5 vertebrae (both 0.34 ±0.01) (van Sittert et al., 2010) . The fastest growth in leg length occurred in the first year of life with the final limb length of mature animals being approximately twice their length at birth compared to a three-fold increase in neck length (Mitchell et al., 2009) . Giraffes thus have relatively longer limbs and shorter necks per unit body mass as juveniles, and the remarkable length of limb bones per body mass seems to be established in utero already. Note that it is not unusual for a precocial species to have relatively longer legs as juveniles, where the animal needs to be mobile within hours after birth, and needs to take advantage of longer legs to increase speed and stride length (Carrier, 1983; Heinrich et al., 1999; Grossi and Canals, 2010) . Furthermore, giraffe ontogenetic limb proportions do not seem to differ much from proportions known in other artiodactyls. For example, giraffe front limb proportions are in agreement with cervid proportions at birth, while hind limb proportions are only slightly different: giraffes have higher femoral (30%, cervid range 28-29%), lower tibial (32%, cervid range 36-38%) and higher metatarsal (38%, cervid range 33-36%) proportions (Van der Geer et al., 2006) . Adult giraffe limb bone proportions similarly fit within described cervid ranges in the front limb but were lower in the femur and tibia and higher in the metatarsus. Interestingly, cervid radii start out shorter but end up longer than the metacarpus, similar to giraffes.
The sum of the lengths of the three main bones of the front legs of giraffes is slightly longer than that of the hind legs (from about 40 mm in a neonate to 140 mm in an Van Sittert Page 33 of 43 adult 1300 kg giraffe; Table 3 ). This finding supports an observation by Colbert in 1938 that, in contrast to other ruminants, the front legs of giraffe are longer than the back legs and thereby contribute to the appearance of a sloping back. It should be clarified, however, that, a) the sum of long bone lengths is not the same as leg length as the manus and pes is excluded, and b) contrary to what Colbert noted, neither the total front leg nor any of its constituent long bones lengthen significantly more than those of the hind legs. Rather, the radius starts out longer than the tibia at birth, with their relative growth rates staying fairly similar during postnatal ontogeny. We were also surprised to find that the longest bones in the giraffe limb were the radius and tibia, and that the appearance of longer metapodials is probably an optical illusion caused by their remarkable slenderness and verticality, and the contrast with thicker limb diameters at the region of the zeugopodials.
Increase in diameter and circumference with regard to body mass
Giraffe long bones all increase in diameter and circumference in utero at a rate faster than increases in body mass. Conversely, postnatal diameters increase iso-or negatively allometric to body mass, except the humeral CC (Bm 0.42 ) and radial ML (Bm 0.37 ) diameters. Note however that although the humeral ML diameter could not be shown significantly different from isometry, its growth exponent is still high (Bm 0.38 , p (H0: b=0.33) = 0.16 and p (H0:b=0.38) = 0.91), and significantly positive growth allometry may be hidden behind large confidence intervals. Therefore, it is possible that medio-lateral diameters from both humerus and radius grow with positive allometry and may indicate buttressing against a commonly encountered strain in this plane.
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Alternatively, if indeed only the humeral cranio-caudal and radial medio-lateral diameters increase with positive allometry, this may indicate buttressing against a commonly encountered strain shared during movement or during stances such as drinking, when these two diameters may share a common plane. Nevertheless, the fact that the giraffe humeral and radial ML diameters become more robust relative to body mass differs from the growth of the other long bones, and is almost certainly also related to the positively allometric increase in neck mass during growth (Mitchell et al., 2009 (Mitchell et al., , 2013 . Further study on giraffe limb bone posture and positioning will be needed before conclusions can be drawn.
It may seem superfluous to report both diameter and circumferential measurements.
We believe however that bone circumference can be regarded as a summary of the two diameters and helps clarify patterns seen. For example, in postnatal giraffes only the humerus had a positive allometric change in circumference with regard to body mass, and thereby supports our supposition that this bone may become increasingly robust relative to body mass in both diameters. The positive allometry of radial ML diameter are offset by the lower isometric CC increase resulting in an overall isometric increase in radial circumference. On the other hand femur and metapodial circumferential growth does not keep up with increases in body mass. A second reason for including both circumferential and diameter data is to facilitate comparison with past and future studies, where often only one or the other is reported. Note as an example that metapodial circumferences, although increasing with negative allometry to body mass, still have higher exponents than other species previously reported ( Fig   5B) .
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It seems curious that limb diameters and circumferences do not increase at a faster rate than body mass to compensate for the larger loads upon it, especially in the direction of limb movement viz. CC diameter. This phenomenon is however well described. Younger animals have 'overbuilt' bones to compensate for reduced bone stiffness and locomotor ability, causing long bones to become more gracile in ontogeny. The relatively faster increase in ML diameters compared to CC diameters in giraffes may also be related to safety factors required for when this animal drinks water and the front legs are splayed apart, putting more stress and strain on the medio-lateral aspects of the bones. Other possible correlates to this effect such as mating behavior, neck length and general artiodactyl traits need to be borne in mind and further data and studies are needed to explain this observation.
Diameter and circumference vs. length
In this type of analysis, isometry denotes a bone which increases in length and diameter at the same rate.
Individual fetal and postnatal slopes could not be distinguished because of wide confidence intervals for fetal exponents. Whereas the stylopodial (humerus and femur) bones grew robust in both directions, the trend for zeugopodial and metapodial bones was to grow more robust in medio-lateral direction than in cranio-caudal direction.
Note that the femur becomes more robust with regard to its own length, but not with regard to body mass. We propose that this is because a large part of body mass is carried in the neck and therefore front limb. Unfortunately, we could not find comparative ontogenetic data in the literature, and our proposition cannot be tested until further data becomes available. Nevertheless, this finding stresses the importance of interpreting changes in bone cross sectional area in terms of bone length as well as with regard to body mass.
We found no long bone circumference to grow according to McMahon's (1975) elastic similarity model. Indeed, Kilbourne and Makovicky (2012) showed elastic similarity (Length (L) ∝ Circumference (C) 0.67 or C ∝ L 1.5 ) to be the exception rather than the rule in ontogeny of mammals. They also demonstrated that cetartiodactyl limb bones generally become more robust during ontogeny (i.e. L∝C <1.00 ). A notable exception to this pattern was the okapi (Okapia johnstoni), in which the bone length to circumference exponents was >1.00 -i.e. bones became increasingly slender during growth. As okapi represent the ancestral morphology of giraffe (Mitchell and Skinner, 2003) , and as giraffes and okapis have slender legs compared to other ungulates (McMahon, 1975; Scott, 1990; Kilbourne and Makovicky, 2012) , we would have expected that the giraffe would grow more gracile legs throughout ontogeny as well.
Contrarily, we found the giraffe is born with such slender legs that they are not capable of decreasing in relative circumference any further. This appears to us to be a classic example of ontogeny revealing key milestones in phylogeny as proposed by Pincher (1949) . Pincher suggested that the evolution of neck elongation in giraffes was a secondary response to leg elongation, in order for the animal to reach the ground to drink. However, we do not believe neck elongation was a response to aid drinking in giraffes as the neck length grows disproportionately faster than leg length (Mitchell et al., 2009; van Sittert et al., 2010) . Leg elongation on the other hand may have been accompanied by increases in body mass which will have required more browsing strata from which to feed (Jarman-Bell Principle;du Toit, 2005) , in turn necessitating disproportionate neck length increase. This idea is supported by studies that showed that giraffes utilize various feeding strata in trees (Cameron and du Toit, 2007) and even graze (Seeber et al., 2012) . The neck therefore is not only advantageous during a dearth as Darwin proposed in 1888, but essential throughout all seasons.
Cross sectional area (CSA)
Although it has been shown that long bone periosteal contours correlate highly with cross sectional properties in adult human populations, this does not necessarily hold for individuals, subadults nor for other species (Sparacello and Pearson, 2010) . In addition, cortical thickness has been shown to be significantly greater in giraffes compared to buffaloes (van Schalkwyk et al., 2004) . In order to see if the medullary cavity could have an influence on our findings, we subtracted an estimate of endosteal area from periosteal area, using cortical thickness measurements. However, our findings remained similar even when estimating cross sectional area without a medullary cavity. Arguably, this is a very rough estimate and more accurate measures of CSA as well as second moment of area are needed in future.
Goat and elephant CSA's become more gracile with body mass during growth: both scaling as Bm 0.53 (Main and Biewener, 2004; Miller et al., 2008) . Because this causes increased strain and reduced resistance to bending, it was proposed that younger animals have overbuild bones to compensate for less stiff bones. Giraffe limb bones do not grow more gracile during growth which means either that giraffe calves does not Van Sittert Page 38 of 43 have overbuild bones or that the long neck prohibits bones from becoming more gracile.
Practical application of giraffe allometric equations
Previous authors proposed the giraffe metapodials to be the seat of limb propulsion and elongation (Thompson, 1917; Colbert, 1938; McMahon, 1975) . In proficient runners it has been shown that the elongated distal elements are more energy efficient and increase stride length (Carrier, 1983; Christiansen, 2002; Lammers and German, 2002; Young et al., 2014) . Our data show however that the metapodials of giraffes do not elongate more than other limb bones over their lifetime. The lengths of the radius and tibia increase ca. 2.3 fold between birth and maturity while the length of the metapodials increases only 1.95 fold. Thus, although greatly elongated, the specialization of the most distal limb segments in giraffes does not seem to be an adaptation to increase locomotor efficacy as one of the principle functions (Pincher, 1949) .
Conclusion
This study is set apart by the quality of its sampling base; a broad range of bone parameters were measured, body mass was measured (not inferred) and a broad population of wild (not zoo) giraffes was available. We found that the giraffe appendicular skeleton does not elongate in the dramatic way the neck does. Limbs at birth, after lengthening with positive allometry in utero, are already elongated and slender in shape and a further increase in the gracility of the bones is probably not possible. The humerus is the only bone that becomes increasingly robust with regard Van Sittert Page 39 of 43 to body mass and bone length, suggesting functional adaptation to increasingly high loads and/or bending moments, which may be caused by the neck mass which increases with positive allometry and the need for giraffe forelimbs to bend at the carpus and splay during drinking. It may also be related to the orientation of the humerus to the ground, but this needs to be substantiated by further study. Indeed, a broader range of species (in particular artiodactyls) and their body mass through ontogeny needs to be sampled before definitive conclusions can be reached. Further clues regarding the functionally of the giraffe's slender bones will also lie in the cross sectional distribution of bone around the centroid, whole bone geometry and bone curvature.
